INTRODUCTION
Excretion of extracellular fl-lactamases exhibiting various extents of microheterogeneity by Gram-positive bacteria seems to be a rather common phenomenon (Ambler & Meadway, 1969; Thatcher, 1975a; Dehottay et al., 1987; Lenzini et al., 1988) . The most widely studied case is that of the enzyme produced by Bacillus licheniformis, where a 'ragged' N-terminus was first demonstrated (Ambler & Meadway, 1969; Thatcher, 1975b; Simons et al., 1978; Izui et al., 1980) . The same phenomenon appeared to be at least partially responsible for the microheterogeneity of the ,-lactamases of Streptomyces albus and S. cacaoi cloned and produced in S. lividans Lenzini et al., 1988) . The present study was undertaken after discovering that distinct active fractions ofvarious Gram-positive fl-lactamases could be separated by chromatofocusing on a MonoP column Matagne et al., 1990 ). Although we were interested in elucidating the origin of the variations at the molecular level, we thought that it was even more important to compare the kinetic parameters of the individual variants with those of the mixtures to determine if meaningful results could be obtained without resolving pure preparations into individual components.
To allow easy reference to the sequences of other class A /-lactamases, we use the ABL numbering scheme. In that system, a residue can be referred to by two numbers: one is its position in the natural protein or precursor sequence and the second (called ABL) is based on Ambler's (1979) alignment of the first four enzymes whose sequence was determined. For instance, the active serine residue in the Actinomadura R39 /3-lactamase is no. 86 in that enzyme and ABL 70.
MATERIALS AND METHODS

II-Lactam compounds
Benzylpenicillin was from Rhone-Poulenc (Paris, France), ampicillin from Bristol Benelux (Brussels, Belgium) Streptomyces lividans TK24 harbouring plasmid pIJ424 containing the gene coding for the Actinomadura R39 /8-lactamase (Piron-Fraipont et al., 1989 ) and was purified as described by Piron-Fraipont et al. (1989) .
Bacillus lichenifornms 749/C f8-lactamase. The enzyme was produced by the original strain and purified as described by Matagne et al. (1990) .
S. albus G f-lactamase. The enzyme was produced by S. albus G strain R2 harbouring plasmid pDML6 containing the gene coding for the S. albus G ,3-lactamase and was purified as described by Matagne et al. (1990) .
S. cacaoi II-lactamase. The enzyme was produced by S. albus G strain R2 harbouring plasmid pDML51 containing the gene coding for the S. cacaoi /1-lactamase (Lenzini et al., 1987) and purified as described by Matagne et al. (1990) .
The four ,-lactamase preparations were the same as those used for the study of the catalytic properties of these enzymes (Matagne et al., 1990 
Amino acid sequencing
Amino acid sequencing was done with a 470-A Applied Biosystems gas-phase sequenator as described previously (Joris et al., 1985) .
p8-Lactamase activity
Routinely, 4-lactamase activities were measured using nitrocefin as substrate in 50 mM-sodium phosphate, pH 7, at 30 'C. When necessary, enzyme samples were diluted in the same buffer containing 0.1 mg of BSA/ml. One unit represents the amount of enzyme hydrolysing 1 ,umol ofsubstrate/min at maximal velocity.
Kinetic parameters and thermal stability of 8-lactamases
The determination of the kinetic parameters and the analysis of the thermal stability of the enzymes were performed as described by Matagne et al. (1990) (1969) . By using the amino acid compositions deduced from the complete amino acid sequences of the four fl-lactamases (Ambler & Meadway, 1969; Dehottay et al., 1987; Lenzini et al., 1988; Houba et al., 1989) , the pl values were calculated and found to agree well with the experimental ones ( Table 1) . Three of the enzyme preparations were resolved into several The pure preparation of the S. albus G ,J-lactamase was resolved into three major peaks, which were eluted respectively at pH values of 4.64, 4.52 and 4.49 (Fig. l b) . Similar chromatofocusing experiments were performed with a crude preparation of the same enzyme. After reaching the maximum of enzyme production, a sample of culture medium, freed from the bacterial mycelium by centrifugation, was directly applied to the column. The measurement of enzymic activity in the collected fractions indicated the presence of several peaks, demonstrating that charge heterogeneity of the enzyme was already present in the culture medium and was thus not due to modifications occurring during the purification or upon long-term storage of the purified enzyme. The major peaks were present in both the crude and pure preparations, but the relative quantities were somewhat modified, probably reflecting the fact that fractions with lower specific activities were sometimes discarded during the purification. Variations in the culture conditions also altered the chromatographic patterns of the crude supernatant. This was probably due to modifications in processing of the exoenzyme, a phenomenon which is known to be very sensitive to the exact composition and pH of the growth medium (Mezes et al., 1985) .
With the S. cacaoi enzyme, chromatofocusing resolved the pure preparation into at least three active fractions, eluted at pH values of 4.35, 4.2 and 4.15 (Fig. lc) . With both Streptomyces enzymes, several active peaks were also separated by applying an NaCl gradient to the MonoQ column.
Chromatofocusing failed to separate distinct fractions of the Actinomadura R39 /?-lactamase. Under standard conditions (pH gradient from 5.7 to 4), the enzyme was not eluted. Adjustment of the Polybuffer 74 to pH 3 yielded a regular pH gradient down to that pH, but failed to elute the enzyme. The ionic strength of the eluent was then increased in an attempt to decrease the electrostatic interactions between the enzyme and the ionexchanger. At a constant pH of 4.5, the enzyme could be eluted from the MonoP column by adding 650 mM-NaCl to the Polybuffer. However, an NaCl concentration as low as 100 mm (Dehottay Vol. 273 A. Matagne and others Table 2 . N-terminal amino acid sequences of the various B. licheniformis 749/C fl-lactamase species Fraction numbering refers to Fig. l(a) . The vertical arrow at the bottom indicates the beginning of the al-helix (Moews et al., 1990 Ambler (1979) to be particularly sensitive to that type of modification.
The effects of the asparagine -. aspartic acid modification on the pI values of the various forms were computed (Table 2) and found to explain nicely the elution pattern from the MonoP column. Moreover, the pl values calculated for the ten molecular variants were in good agreement with their distribution into the different fractions separated by chromatofocusing.
With the Actinomadura R39 enzyme, the situation was somewhat different. Upon completion of the purification, two major N-terminal residues were found, alanine-32 (ABL 15) and alanine-65 (ABL 48), accompanied by three minor forms:
valine-41, phenylalanine-57 and aspartic acid-58. At that stage, chromatography of the preparation on the MonoQ column yielded no indication of the presence of inactive protein peaks.
The peak of active enzyme was not symmetrical, which suggested a possible heterogeneity. That all the molecular species present in the preparation represented active enzyme was, however, demonstrated by the homogeneous behaviour on the phenylboronate-agarose affinity column (Piron-Fraipont et al., 1989) .
The enzyme was stored at 4°C in 50 mM-sodium phosphate, pH 7.0, or 100 mM-Tris/HCl, pH 7.2, and a slow decrease of activity was observed. After 4 months only 53 % of the original activity was retained. When the partially inactivated enzyme was analysed on MonoQ (Fig. ld) , several u.v.-absorbing peaks appeared which were not present when the same experiment had been performed just after completion of the purification. The specific activity of these new peaks was less than 0.5 % of that of the newly purified enzyme, whereas the two peaks numbered 1 and 2 on Fig. l(d) also exhibited the same maximum specific activity. The protein content of the inactive fractions, determined on the basis of the A280 value, corresponded to 46 % of the total, a value agreeing well with the proportion of activity lost upon storage.
Sequencing of the active proteins corresponding to peaks 1 and 2 (Table 3) yielded at least six different N-terminal residues: glutamic acid-36 (ABL 19), serine-38, valine-41, threonine-42, alanine-43 and aspartic acid-45. As shown by the calculated values in Table 3 , the loss of one negative charge had a very limited effect on the pl value, probably due to the very acidic properties of the protein.
As Table 3 shows, the pattern of N-terminal residues had changed during the 4 months after the purification. In the case of the Actinomadura R39 ,-lactamase, the heterogeneity of the preparation was, at least partially, due to the presence of a proteinase which modified the enzyme upon storage. One of the remarkable features was the disappearance, after 4 months, of With the B. licheniformis enzyme, the Km values were very similar for each fraction. Catalytic-centre activities were identical for peaks 2 and 4, but were significantly lower for peak 1. Table   8 also shows that the thermostabilities of the various fractions did not differ from that of the mixture. It was thus difficult to decide whether the lower specific activity of peak 1 was an intrinsic characteristic of that molecular variant or if it could be due to a partial inactivation during the chromatofocusing experiment. Nevertheless, Table 4 also shows that the smaller activity of peak 1 did not significantly influence the k,8t of the mixture.
A similar situation prevailed for the S. albus G enzymes. The minor fraction 1 exhibited decreased kcat values, but a similar thermostability. Again, the properties of that minor fraction did not appear to have a major impact on those of the mixture (Tables 5 and 8) .
With the S. cacaoi and Actinomadura R39 enzymes, the properties ofthe different fractions were not significantly different from those of the mixture (Tables 6 and 7) .
Interaction with fi-iodopenicillanate 6-fl-Iodopenicillanate is a mechanism-based inactivator of class A, class C and class D ,-lactamases; it inactivates stoichiometrically the ,8-lactamase of B. licheniformis (De Meester et al., 1986 ). The inactivation is characterized by the rearrangement of the penicilloyl moiety of the acyl-enzyme into a dihydrothiazine chromophore.
After partial (about 50%) inactivation of the B. licheniformis
,-lactamase by 6-,J-iodopenicillanate, the enzyme was submitted to chromatofocusing (Fig. 2) . The attachment of the inactivator to the active site of the enzyme added one negative charge to the protein. This new negative charge displaced the whole chromatographic profile towards the lower pH values. Fig. 2 shows that each peak was split into an active fraction (high pH) and an inactive fraction (low pH). This experiment confirms the form- ation of the irreversibly inactivated dihydrothiazine-containing rearrangement product. It especially underlines the sensitivity of the method used, as it clearly appears that the appearance of one single new charge, even in the active site of the protein, could be easily detected by chromatofocusing. DISCUSSION Chromatofocusing was found to be a method of choice for the separation of protein variants originating from posttranscriptional modifications. The technique only failed in the case of the Actinomadura R39 ,6-lactamase, which exhibits an exceptionally low pI. Separation of the molecular variants of that enzyme was only possible by simple ion-exchange chromatography with the help of a very shallow gradient. Even under those conditions, the resolution remained poor. For the proteins with pI values of about 5, the addition of one negatively charged or the removal of one positively charged group decreased the pl by at least 0.1 unit, allowing a rather easy separation. By contrast, with the R39 enzyme (calculated pl 3.8), the loss of three glutamic acid residues only modified the calculated pl value (3.8) by 0.03 unit. That value could not be experimentally confirmed. In other studies (A. Matagne, unpublished work), the technique was also found very useful to purify small quantities of modified enzymes obtained by site-directed mutagenesis. Indeed, recording similar specific activities in different active peaks supplied good indication of purity.
The kinetic parameters of the variants were generally not significantly different from each other. The only exception was fraction 1 of the S. albus G enzyme, which exhibited only 30 % of the activity of the other fractions. However, since the Km values were similar for all variants, it was quite possible that the lower kcat value was due to partial inactivation of that variant during the separation process. Another observation in favour of that hypothesis was that, whenever a lower activity was measured, it was similarly decreased for all tested substrates. The most important observation was that the kinetic parameters determined on the mixture were not significantly different from those of the major individual species, indicating that the conformation of all the molecules was probably the same. This was also confirmed by the similar thermostabilities. For the B. licheniformis and S. albus G enzymes, it is also important to stress the fact that good crystals, allowing the collection of highresolution data, have been obtained from the mixtures (Dideberg et al., 1987; Moews et al., 1990) , clearly indicating that all the variants presented identical conformations. Interestingly, however, the crystallographic studies have shown that the first Nterminal residues of those proteins have no rigid structure but seem to be freely floating in the solvent. The first well-defined residues are aspartic acid-31 (ABL) in the B. licheniformis and serine-27 (ABL) in the S. albus G enzymes. In both cases, those residues are at the beginning of the al-helix, and the shortest forms which have been found start at methionine-29 for the former and serine-27 for the latter. It thus seems that the residues preceding the N-terminus of the a1-helix are expendable. In agreement with those results, the major form of the S. cacaoi enzyme starts at histidine-23 (ABL) and the shortest form found after storing the Actinomadura R39 ,?-lactamase for 4 months starts at aspartic acid-28 (ABL). In both cases, the al-helix is certainly not drastically shortened. However, sequencing of the fresh Actinomadura R39 ,J-lactamase preparation indicated an important proportion of more markedly shortened forms, starting mainly at alanine-48 (ABL) and, in much smaller proportions, phenylalanine-40 and aspartic acid-41. In all these variants, the Vol. 273 al-helix would be absent and, in the first one, a portion of the ,f-i strand would also be deleted. This could result in a much decreased stability of these proteins, making them more susceptible to the proteinase(s) seemingly present in the Actinomadura R39 f6-lactamase preparation. It should be remembered that the initial preparation lost about 45 % activity after 4 months of storage, but that the rate of activity decrease became much lower thereafter.
A few indications have been obtained on the phenomena which are responsible for the appearance of those variants. As stated above for the Actinomadura R39 ,/-lactamase, the presence of a proteinase in the final preparation is extremely likely, since different N-terminal residues are found before and after longterm storage of the solutions (those solutions cannot be frozen without important losses of enzyme activity). The activity of proteinases can also probably explain the results of Brive et al. (1977) , who observed the appearance of new satellite bands correlated to a significant loss of enzyme activity during conservation of Gram-negative cells at 37 'C. With the B. licheniformis enzyme, deamidation of the antepenultimate asparagine residue, which had been observed previously (Ambler, 1979) , nicely explains the separation of molecules exhibiting the same N-termini into fractions differing by more than 0.1 pH unit after chromatofocusing. But the numerous variations observed in the N-terminal part of the enzymes must be explained by a lack of specificity of the signal peptidase(s) or by the presence of one or more proteinases in the culture supernatant. Erpicum et al. (1990) have reported low, but significant, proteinase activities in the culture supernatants of Streptomyces lividans TK24 and S. albus G. On the other hand, many of the hydrolysis sites do not appear to reflect the usual 'consensus' sequences characteristic of signal peptidases. We believe that one of the important conclusions of the present work is that the kinetic properties of the mixtures are not significantly different from those of the isolated forms. With the R39 enzyme, where more extensive degradation occurred, the enzymic activity seemed to be either totally conserved or completely lost.
